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Abstract 
 
Ammonium and phosphate are fundamental nutrients for human life, but their excess in water can lead to 
eutrophication, an uncontrolled growth of biomass with a consequent deficit of oxygen (hypoxia) that can be 
really dangerous for water life. 
This excess is principally due to human activities such as industry and agriculture (detergents, fertilizers) and 
the problem is expected to grow during next years. Then, it is necessary to find an efficient, simple and low cost 
technology able to remove the nutrients from water in order to avoid environmental damages. Moreover, the 
population growth, the constant improvement in agriculture and the consequent increase in fertilizers demand 
have made the recovery of nutrient from water a real need, as it has been estimated that a 20% of the total 
needs of Europe could be recovered from wastewaters. 
Although both ammonium and phosphate have to be recovered from wastewater, their simultaneous removal by 
means of one adsorbent material has rarely been reported hitherto. The merit of using one material for the 
simultaneous removal is obvious, even if it has not been achieved yet. In general, most of the solutions proposed 
for the simultaneous removal of ammonium and phosphate are based on the use of two types of reagents. 
A  large list of removal technologies, ranging from biological to physic-chemical methods, have been widely 
studied: in this work, zeolites in Ca and Na forms were evaluated as sorbents for phosphate and ammonium 
from synthetic water and real anaerobic digestate. The sorption performance has been studied by varying 
zeolites dosage and initial ammonium and phosphate concentration, and the results are presented in terms of 
equilibrium isotherms. The evaluation of the ammonium and phosphate sorption properties of a mixture of 
zeolites in calcium and sodium form was carried out by batch experiments and by using a hybrid sorption filtration 
system in a stirred reactor tank. 
Finally, the stability of the phosphate and ammonium-loaded zeolite samples was evaluated by extraction 
experiments and by Olsen method to determine the bioavailability for their potential application as soil fertilizers. 
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1. Glossary  
 
 CaZe: calcium zeolite 
 NaZe: sodium zeolite 
 5 AH: potassium zeolite  
 3 AH: calcium zeolite  
 XRD: X-Ray Diffractometry 
 ppm: part per million 
 TOC: Total organic carbon 
 UF: ultrafiltration 
 CSTR: Continuous stirred tank reactor 
 WWTP: Waste water treatment plant 
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2. Preface  
 
2.1 Origin of the project 
This work is part of the project "Valorisation of by-products from industrial effluents: integration of membrane 
technologies in the separation, concentration and purification steps", or WASTE2PRODUCT, financed by 
Ministry of Economy and Competitiveness of Spain. One of the main problems the industry is facing is the need 
to reduce the generation of wastes. In the case of liquid wastes, characterized by large volumes, the high content 
of dissolved compounds together with the low value associated to these components is a big deal.  
In general the management routes are based on the reduction of concentration of the dissolved components up 
to fixed levels and then on their discharge into water bodies. The reduction of the pollution load has been mainly 
focused on the reduction of the organic fraction and minor effort has been allocated typically in the inorganic 
fraction, because of its lower toxicity and minor impact on the receiving water bodies.  
Under this scenario, and supported by the EU, WASTE2PRODUCT is a project devoted to integrate separation 
processes to convert the complex and non-valuable industrial brines into valuable by-products (fertilizers).  
The thesis work focuses the attention on ammonium and phospate removal from water by means of absorption 
of calcium and sodium zeolites. 
The retrieval of these nutrients from a synthetic water and from a real anaerobic digestate has been evaluated 
through several experiments in the laboratory and in a hybrid ultrafiltration pilot plant. 
 
2.2 Motivation  
The excess of nutrients such as ammonium and phosphates due to human activities (industry, agriculture) can 
lead to environmental problems, e.g. eutrophication. This consists of an uncontrolled biomass growth and a 
consequent shortage of oxygen for water life. For this reason, the limits of concentration of these nutrients in 
discharged water are, currently, very strict. 
Furthermore, natural sources of these nutrients are not endless; above all, phosphate reserves are expected to 
finish in a century, and an environment disaster could take place. 
Finally, while the world population is increasing, also fertilizers demand is growing and nutrients recovery from 
waste water has become an important issue.  
So, in order to reduce water contamination and to promote slow production of released fertilizers, phosphate 
and ammonium removal from wastewater has been studied a lot during last years.  
The challenge is to find an efficient and cheap technology able to recover these two pollutants from water at the 
same time. Among all technologies, adsorption and ion exchange are considered as a promising method for 
nutrients recovery and zeolites are one of the most suitable adsorbent materials. 
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3. Introduction 
 
3.1 Scope of the thesis 
The aim of the thesis is to evaluate ammonium and phosphate adsorption capacity of a synthetic zeolite 
produced from coal fly ash in its sodium (NaZe) and calcium (CaZe) forms obtained by activation from the  NaZe. 
The ammonium and phosphate adsorption capacities of zeolites were determined using both synthetic and side 
streams generated from sludge anaerobic digesters water. 
Moreover, in order to simulate the real work conditions of a depuration plant, zeolites were tested in batch 
reactors by integrating a hybrid sorption filtration set-up. 
 
3.2 Objectives 
The purpose of this study is to maximize NH4+ and PO43- removal from urban sludge anaerobic digestates by 
combination of zeolites in Na and Ca forms using hybrid sorption and membrane filtration reactor.  
To achieve this aim, the following objectives were defined: 
 Synthesis of CaZe by modifying NaZe 
 Evaluation of the zeolitic materials on synthetic water to identify the optimal operation condition 
 Determination of the ammonium and phosphate sorption capacities of NaZe and CaZe in anaerobic 
digestate 
 Determination of ammonium and phosphate sorption kinetic parameters  in anaerobic digestate 
 Integration of adsorption and membrane filtration reactor to evaluate Na and Ca zeolites on 
ammonium and phosphate removal from synthetic solutions and from anaerobic digestates 
 Evaluation of the improvement of the ammonium removal capacities of the zeolites mixtures by 
using magnesium oxide.  
 Evaluation of the ammonium and phosphate bioavailability from loaded zeolites  
 
All the experiments have been conducted in a laboratory scale. 
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4. State of the art 
 
Ammonium and phosphate compounds are indispensable nutrients to all forms of life, but their relevant presence 
in ground and surface water can lead to eutrophication, a rapid growth of biomass and a consequently deficit of 
oxygen that could cause fishes’ death.  
These nutrients mainly derive from agricultural industries and urban wastewater; due to human activity, normal 
ammonium and phosphate cycle cannot be closed, thus leading to a dangerous state of environmental 
unbalancement. 
Moreover, ammonium and phosphate natural resources are not endless as they are expected to finish in the 
next century. 
Furthermore, the increasing demand for agricultural products by a growing and more affluent world population 
makes increasing of fertilizers production crucial.  
 
Due to the global economic growth, expected to continue in next years, fertilizer demand is expected to grow 
too. The world demand for nitrogen and phosphate is foreseeable to grow annually by 1.4 and by 2.2 percent, 
respectively, between 2014 and 2017 [1]. 
 
 
   Figure 1: Ammonium and phosphate fertilizer demand from 2013 to 2017 [1]. 
 
In order to enhance ammonium and phosphate removal from water, and to produce slow release fertilizers to 
help agricultural demand, several studies have already conducted, such as biological, chemical, physical 
treatment. Nowadays, one of the most promising technologies is adsorption using zeolites as adsorbent 
materials because of its easy application and low cost [2]. 
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4.1 Ammonium and phosphate removal from a waste water treatment 
plant 
Nitrogen can be found in wastewaters as ammonia, nitrite, nitrate and organic nitrogen. Organic nitrogen is 
decomposed to ammonia, which can be assimilated to bacterial cells, leading thus to net growth, or can be 
oxidized to nitrite and nitrate. This nitrate can be converted to gaseous nitrogen in a second step and is removed 
from the wastewater.  
 
Phosphate is typically present in wastewaters as inorganic forms (orthophosphate or polyphosphate) or organic 
forms (proteins and amino acids). 
 
Actually, the first step of ammonium removal in WWTP conventionally consists of two parts: 
 
 Nitrification : ammonium is first oxidized to nitrite by ammonium oxidation bacteria (AOB) under the need 
of oxygen (Eq.1) 
 NH4+ + 1,5 O2 -> NO2- + 2H+ + H2O  (1) 
 
 Denitrification: the nitrite is oxidized by nitrite oxidation bacteria (NOB) to nitrate (Eq.2) 
 
 NO2- + 0,5 O2 -> NO3-    (2) 
 
Finally, the nitrate is converted to nitrogen gas by a denitrifier using electrons donated by organic matter [3].  
 
Unfortunately, treatment of wastewater containing high-strength ammonium by the conventional method 
requires wastewater dilution and a large-scale treatment plant due to the long hydraulic retention time required 
for nitrification, and this process recovers only around 15 % of phosphate. 
 
For this reason, other technologies have been developed in order to recover contaminants from discharged 
water and to enhance slow release fertilizers production. 
 
 
4.2 Ammonium and phosphate removal and recovery technologies 
4.2.1 Adsorption 
Adsorption is an interesting technology that has received increasing attention in the last decade in different 
industrial fields [4]. Dissolved ions are transferred from an aqueous phase to a solid phase by creating a link to 
the functional group of a solid adsorbent. Then they can be concentrated and recovered by proper regeneration 
by using a chemical reagent. 
  
Sorption processes have many applications such as solution purification, separation process and extraction of 
valuable substances (uranium and plutonium). The most common application is the water deionization in water 
treatment plants for the elimination of ammonium and phosphate. 
  
Many active researches and studies about sorption revealed the importance of the effect of operational 
conditions such as pH, temperature and presence of competing ions on adsorption. 
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One of the most important mechanisms of the adsorption is the ion exchange. It is the reversible interchange of 
ions between a solid (ion exchanger) and a liquid.  
Several studies have been conducted by testing different adsorbent materials, such as ion exchange polymeric 
resins, clays and activated carbon. Most of these materials are expensive and/or it is difficult to recover adsorbed 
contaminants. In this scenario, the application of zeolite as an ion exchanger is one of the most effective 
technologies used for ammonium removal [5]. 
 
 
4.2.1.1 Zeolites 
Zeolites are naturally occurring hydrated Aluminosilicate minerals and consist of a three-dimensional framework 
structure bearing SiO4 and AlO4 tetrahedral. They belong to the class of minerals known as tectosilicates.  
 
The aluminium ion is small enough to occupy the position in the centre of the tetrahedron of four oxygen atoms, 
and the isomorph replacement of Si4+ by Al3+ produces a negative charge in the lattice.  
 
The net negative charge is balanced by the exchangeable cation (sodium, potassium, or calcium). These 
exchangeable cations give rise to the ion-exchange properties of the material [6].  
 
The general chemical formula of zeolite is  
  
MxDy [Al(x+2y)SiOn- (x+2y)O2n] • mH2O 
 
Where M and D indicate, respectively, monovalent and bivalent exchangeable cations. 
 
Zeolite has a relatively opened structure, with density values of 2.10/2.20 g/cm3. 
 
The high ion exchange capacity (IEC), large deposits of zeolite-rich rock, shortage of competing minerals and 
the relatively low market price prefer the use of zeolites in large scales [7].  
 
They uptake ammonium through ion-exchange, and immobilize phosphate by adsorption and precipitation of 
calcium phosphate. [8] 
 
Two types of zeolites exist: natural and synthetic; normally, in order to enhance adsorption capacity, zeolites are 
modified by different treatments (hydrothermal, alkaline, etc.). 
 
 
4.2.2 Hybrid sorption ultrafiltration systems 
A membrane is a thin interface that moderates the permeation of chemical species in contact with it: it can be 
molecularly homogeneous or not. The difference from a conventional filter is the dimension of separate 
particulate suspension (1 to 10µm) 
In ultrafiltration, a finely porous membrane is used to separate water and micro solutes from macromolecules 
and colloids. Ultrafiltration membranes are usually anisotropic structures with a finely porous surface layer or 
skin supported on a much more open microporous substrate. The porous surface layer performs the separation 
while the microporous substrate provides mechanical strength. The cut-off of ultrafiltration membranes is usually 
characterized by solute molecular weight, but several other factors affect permeation through these membranes. 
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One important example is the shape of the molecule to be retained, but also the pH of the feed solution is another 
factor that affects permeation through ultrafiltration membranes. 
The average pore diameter of the membrane is in the range 10-1000 Å.  
Over the last years, the ultrafiltration industry has grown steadily. However, the major disadvantage is fouling. 
In order to avoid this problem, cleaning protocols and special membranes with surface properties designed to 
minimize fouling problems have been developed.  
In the 1960s and early 1970s it was thought that ultrafiltration would be widely used to treat industrial wastewater. 
This application did not materialize. Ultrafiltration is far too expensive to be generally used for this application, 
however, it is used to treat small, concentrated waste streams from particular point sources before they are 
mixed with the general sewer stream.  
 
4.2.3 Electrochemical treatment 
The electrochemical treatment is a removal technology based on the use of electrical current to promote redox 
reactions to transform target pollutants or to convert them into mineral forms or to remove them by sorption onto 
precipitated by-products. 
Positive charged ions move to the anode and the negative charged ones move to the cathode obtaining the 
removal of contaminants from the treated water. It is an easy technology but the biggest disadvantage is its low 
selectivity for phosphate ions in presence of competing ions such as nitrate, sulphate, chloride or hydrogen 
carbonate. 
Different techniques such as electrocoagulation, electro flotation and electro oxidation have been studied. The 
most used is electrocoagulation, because of its superior performances in treating effluents containing suspended 
solid, oil and grease, and even organic or inorganic pollutants.  
Different materials such as iron, aluminium or stainless steel were tested performing as electrode. Nowadays, 
aluminium is used for water treatment while iron for wastewater treatment because it is cheaper.  
 
4.2.4 Chemical precipitation 
Salt precipitation is one of the developing wastewater treatments, which uses a physical support such as fly ash, 
zeolites, sand or any particulate material with iron, aluminium or calcium ions content to form low solubility salts. 
Apatite, struvite or calcium phosphate can be the result of this precipitation. The advantage of these salts are 
that they can be easily separate from the aqueous medium by filtration and be used as sustainable and low cost 
fertilizers.  
Fly ash, a waste material generated from electric power plants, has been investigated for phosphate and 
ammonium removal by precipitation obtaining relatively low removal efficiency fertilizer. [9] 
Natural zeolites have been used for phosphate and ammonium removal from aqueous solutions due to its 
content in calcium oxide, alumina and ferric oxide [10]. One of the main advantages of using zeolite is its 
capability to be used directly as fertilizer once ammonium and/or phosphate salts were precipitated.  
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Industrial wastes can be also used for phosphate salts precipitation. Barca et Al [11] studied steel slags with two 
types of pre-treatment, one in an electric arc furnace and the other in a basic oxygen furnace for phosphate 
precipitation in hydroxyapatite. Some parameters such as pH of the solution and initial phosphate and calcium 
concentrations influenced its removal capacities. After a series of batch experiments, it demonstrated that the 
basic oxygen finance steel slags had more capacity than the electric one. In addition, it was found that the 
release of calcium ions from slag was not always enough for hydroxyapatite precipitation, but the Ca2+ content 
in wastewater contributes to increase the phosphate removal efficiency (Barca et al., 2012). 
Magnesium ammonium phosphate (MAP) method is an efficient chemical precipitation technique to recycle the 
excess of phosphate and nitrogen in the sludge.  
Precipitation realized using magnesium (Mg) salts can potentially provide simultaneous removal of PO43− and 
NH4+ from wastewater. The reaction between Mg2+, PO43− and NH4+ forms the mineral struvite as can be 
described in Equation 3:  
 
 Mg2+ +NH4+ +PO43− +6H2O → MgNH4PO4·6H2O(s)           (3) 
 
Struvite is used as a premium grade fertilizer because of its slow release rate of nutrients, low frequency of 
application needed, sparingly soluble in water and a lower content of impurities. Several factors, such as pH, 
concentrations of Mg2+, PO43− and NH4+, and the presence of other interfering ions, such as calcium (Ca2+) can 
affect the precipitation and the purity of struvite [12,13]. 
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5. Materials and methodology  
 
5.1 Sorbent characterization  
In this thesis, a zeolite synthetized from coal fly ash in sodium form (NaZe), and a calcium zeolite obtained by 
modifying sodium zeolite were used. For their characterization, Scanning Electron Microscope and Energy 
Dispersive X-Ray Spectrometer (SEM/EDS) were used. 
The scanning electron microscope is used to analyse microstructural features providing solid morphological and 
topographical information of the surface. It has a very high resolution of the order of tens of Å, and a large depth 
of focus giving a three dimensional appearance of the image. Its operation is based on sweeping by an electron 
beam on a particular area while on a monitor the information is selected depending on the detectors available 
and displayed. 
The fluorescence energy dispersive X-ray (EDS) is used to identify and quantify the elemental composition of 
specific areas of a sample. This is bombarded with photons from X-ray source expelling electrons home shell. 
Then the electrons occupy the outermost layers vacant places, emitting fluorescent X-rays or high during the 
transition. This is because they have to lose energy to occupy the inner orbitals. The radiations emitted during 
the transition are measured with X-ray spectroscopy. 
 
5.2 Calcium zeolite preparation 
Sodium zeolite was modified to obtain Calcium zeolite: Na+ was substituted by Ca2+ by following this procedure. 
First of all, 250 grams of NaZe were weighed and put in agitation (500 rpm) for 1 h in a beaker with 1 l of a 
solution 0,5 M of CaCl2 (prepared using CaCl2*2H2O). The pH was measured before starting the agitation and a 
sample was taken with a micropipette. 
After 1 h, the agitation was stopped, another sample was taken (it was necessary to wait for 5 minutes in order 
to allow liquid/solid separation) and the pH was measured. 
Then, the liquid was separated from the solid using a vacuum filter and the zeolite was then washed with 1l of 
Milli-Q water for 10 minutes of agitation.  
After agitation, the liquid was separated from the solid using a vacuum filter and 1l of solution of CaCl2 was 
added and put in agitation for 1 h. The cycle was repeated 5 times and each step was carried out carefully in 
order to avoid losing zeolite. 
After 5 cycles, the zeolite was dried in a hoven at 50°C for 3 days and then stored in a polyethylene container. 
 
5.3 Equilibrium sorption study 
The adsorption equilibrium models show the ratio between the adsorbed amount of a solute into a solid phase 
(zeolite) and the remaining in solution when the equilibrium is reached.  
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A series of solutions with different fixed concentration (5-2000 mg/l) of ammonium (NH4+) and phosphate (PO43-
) were prepared dissolving NH4Cl and NaH2PO4*H2O in Milli-Q water. 
Then, 25 ml of each solution were put in polyethylene tubes and 0.2 grams of adsorbent (CaZe) were added.  
After 24 hours of agitation at constant speed and room temperature, the samples were filtered and analysed. 
The adsorption equilibrium models show the ratio between the adsorbed amount of a substance into zeolite and the 
remaining in solution when the equilibrium is reached. The adsorbed amount of solute could be calculated by Eq.4:  
 
 qe = (C0-Ce ) · V/ms               (4) 
 
Where 
 qe: equilibrium sorbent capacity (mg/g)  
 C0: solute initial solution concentration (mg/l)  
 Ce: solute equilibrium solution concentration (mg/l)  
 V: solution volume (l)  
 ms: mass of sorbent (g)  
 
The percentage removal of PO43- and NH4+ from water was calculated by using Eq.5: 
𝑅𝑒 = (
𝐶0 − 𝐶𝑓
𝐶0
) ∙ 100                   (5) 
Where 
 
 C0 is the initial concentration (mg/l)  
 Cf is the concentration (mg/l) at a specific time 
 
Two isotherm models were used to describe zeolite adsorption mechanism: the Langmuir and Freundlich 
isotherms. 
 
5.3.1 Langmuir isotherm 
Langmuir isotherm assumes that adsorption takes place only at specific localized sites on the surface and the 
saturation coverage corresponds to a complete occupancy of these sites. It means each site can accommodate 
one and only one molecule or atom. In addition, the surface is energetically homogeneous and there is no 
interaction between neighboring adsorbed molecules. 
The Langmuir adsorption isotherm is described by Equation 6: 
 qe = 
Kl qmCe
1+KL Ce
                  (6) 
Where 
 qm: maximum sorption capacity of the sorbent (mg/g)  
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 KL: adsorption Langmuir constant (l/mg)  
 
The linear form of the Langmuir isotherm is described in Equation 7: 
 
   
𝐶𝑒
𝑞𝑒
 = 
𝐶𝑒
𝑞𝑚 
+  
1
𝐾𝐿𝑞𝑚
                (7) 
 
5.3.2 Freundlich isotherm 
Freundlich adsorption isotherm implies heterogeneity of adsorption sites, a limit in adsorption capacity is not 
allowed. This is a special case of Langmuir equation in which the energy varies as a function of the surface 
coverage, due to variation of the sorption.  
The Freundlich adsorption isotherm is described in Equation 8: 
 qe = Kf Ce1/n              (8) 
Where 
 Kf: adsorption Freundlich constant (mg.g-1) (g.l)-1/n 
 n: Freundlich exponent (n>1 represents favorable sorption)  
 Ce: equilibrium solute concentration [mg·dm-3] 
 qe: equilibrium sorbent capacity [mg·g-1] 
 
The linear form of the Freundlich isotherm is described in Equation 9: 
 
  ln qe = ln Kf  + 1/n lnCe             (9) 
 
5.4 Kinetic study  
For the kinetic study, a batch experiment was conducted: 24 grams of NaZe and 16 grams of CaZe were added 
to 500 ml of real water. The solution was agitated by a mechanical stirrer and the pH was checked in continuous 
with a pH meter. Seven different cycles were carried out.  
For the first cycle, 12 different samples of 6 ml were taken at different times ( from 2 minutes to 4 hours ): the 
samples were filtered, diluted and then analyzed.  
When the concentration of ammonium and phosphates left in the beaker was constant, the agitator was stopped 
and 72 ml of real water were added to have the same volume of water for the second cycle.  
This protocol was repeated 7 times, until the zeolites were saturated and the concentration of ammonium and 
phosphates remained constant. 
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Then, in order to study the solute uptake rate and the reaction pathway, three adsorption kinetic models were 
used. 
 
5.4.1 Pseudo first order model 
Lagergren described liquid–solid phase adsorption systems, which consisted of the adsorption of oxalic acid and 
malonic acid onto charcoal.  
Lagergren’s first-order rate equation describes the adsorption rate based on the adsorption capacity [14] and 
the basic differential Equation 10 is: 
  dqt /dt = k1(qe − qt)                (10) 
Integrating this equation with initial condition (t=0,qt=0), a solution of the differential equation is expressed by 
Equation 11: 
 ln(qe − qt) = ln qe − k1t             (11) 
Where 
 qe is the equilibrium sorbent’s capacity [mg·g-1] 
 qt is the sorbent’s sorption capacity at time t [mg·g-1] 
 t is the time [s]  
 K1 is the pseudo first order rate constant [s-1].  
 
5.4.2 Pseudo second order model 
Three steps are involved in the pseudo second order kinetic model:  
 solute  ions diffuse into the particle pores;  
 solute ions diffuse from liquid phase to liquid–solid interface; 
 solute ions move from liquid–solid interface to solid surfaces .  
The sorption rate differential equation is described by Equation 12: 
   dqt /dt = k2(qe − qt)2             (12) 
Integrating this equation with initial condition (t=0,qt=0), a solution of the differential equation is expressed by 
Equation 13: 
  t/qt=1/k2·qe2 + t/qe             (13) 
 
Where  
 qe is the amount of  sorbed solute on the sorbent at equilibrium [mg·g-1],  
 qt is the sorbent sorption capacity at time t [mg·g-1],  
 t is the time [s]  
 K2 is the rate constant of pseudo second order [g·mg-1·s-1].  
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5.4.3 Elovich model 
Elovich’s or Roginsky–Zeldovich equation has been widely used in kinetics adsorption to describe the chemical 
sorption of gas onto solid systems and suitable for heterogeneous sorbing surfaces, but recently it has also been 
applied to describe the sorption process of pollutants from aqueous solutions.  
The linearized form of the Elovich equation is described by Eq.14:  
 
  qt=βln(αβ)+βln (t)                (14) 
Where  
 qt is the amount of adsorbed solute at time t,  
 α and β are the Elovich coefficients which represent the initial sorption rate [g·mg-1·min-1] and the 
desorption coefficient [mg·g-1·min-1], respectively.  
These coefficients can be calculated from the linear regression of qt versus ln t. 
 
5.5 Sorption-filtration (Ultrafiltration) stirred reactor 
The performances of the integration of the sorption with zeolite and separation using ultrafiltration membrane 
set-up were evaluated. The scheme of the pilot plant is shown in Figure 2. 
 
 
Figure 2: Scheme of the sorption-filtration pilot plant 
The sorption-membrane separation pilot plant is composed by the following main components:  
 Continuous stirred tank reactor (CSTR) of 40 l capacity,working speed 400 rpm. 
 Peristaltic pump with flow control. 
 Ultrafiltration membrane module. 
 Permeate tank (stored permeate was used for back washing at the end of the experiment) 
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 Reservoir tank (stored synthetic water used to refill CSTR) 
The ultrafiltration experiments to remove phosphate and ammonium were conducted  as follows: 40l of 
phosphate and ammonium solution (binary system) and given amounts of adsorbent (CaZe,NaZe,MgO) were 
added to the agitated tank. 
In order to reach the equilibrium between adsorbent and adsorbate, the solution was agitated for 45 min, and 
then it was fed to the ultrafiltration system. The agitation in the CSTR was provided by a mechanical stirrer 
(IKA RW 20 and Heidolph RZR) and the stirring speed was fixed at 400 rpm: the hypothesis of perfect mixing 
is done.  
The water was pumped through the membrane fibres at a constant flow rate and the recirculating loop was 
1.16 l/min; the cycles stopped when the trans-membrane pressure (TMP) reached values around 0.8 bar, and 
the cleaning protocol started.  
The backwash was normally carried out with the permeate, and different cleaning cycles were done in order to 
achieve the complete zeolite removal from the membrane. 
Backwashing was also carried out by using an oxidant solution (e.g. NaClO), an acid (0.01 M) and a basic 
solution (NaOH) to prevent biological growth and mineral scaling on the surface of the membrane at the end of 
each experiment. 
 
5.5.1 Mass Balances on the hybrid sorption filtration set-up 
The ammonium and phosphate mass balance on the hybrid system (Ze-UF), taking into account as control 
surface the UF module in Fig.2 is defined by Equation 16: 
 QT · [CT] = QP · [CP] + QC · [CC]        (16) 
On the other hand, considering as control surface the agitated tank in Fig.2, the mass balance is defined by 
Equation 17: 
 QT · [CT] = QR · [CR] + QC · [CC]     (17) 
Where  
 
 Ci: concentration of ammonium and phosphate (mg/l)  
 Qi: mass flow for the streams (l/min) 
 T: Outlet agitated tank 
 R: Inlet agitated tank 
 P: Permeate 
 C: Concentrate 
 
The recovered amount of phosphate and ammonium is calculated with Equations 18 and 19: 
 𝑚𝑅(𝐴) = 𝑚𝑅𝑖−1 + ∫ 𝑄𝑅 ∙ 𝐶𝑅 𝑑𝑡
𝑡𝑖
𝑡𝑖−1
 ≅ 𝑚𝑅𝑖−1 + 𝑄𝑅𝑖 ∗ 𝛥𝑡𝑖 ∗
𝐶𝑅𝑖+𝐶𝑅𝑖−1
2
       (18) 
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 𝑚𝑃(𝐴) = 𝑚𝑃𝑖−1 + ∫ 𝑄𝑃 ∙ 𝐶𝑃 𝑑𝑡
𝑡𝑖
𝑡𝑖−1
 ≅ 𝑚𝑃𝑖−1 + 𝑄𝑃𝑖 ∗ 𝛥𝑡𝑖 ∗
𝐶𝑃𝑖+𝐶𝑃𝑖−1
2
     (19) 
Where 
 𝑚𝑅(𝐴): the average amount of ammonium/phosphate (mg) in the flow R (main input flow) at given 
time, taking into account the initial amount of phosphate concentration (mg/l) in the stirring tank (40 l) 
and the residence time 
 𝑚𝑝(𝐴): the average amount of ammonium/phosphate (mg) in the flow P (main output flow) taking into 
account the residence time 
 𝑚𝑝𝑖−1: the previous amount of ammonium/phosphate in the permeate (mg) 
 𝑚𝑅𝑖−1: the previous amount of ammonium/phosphate in the inlet of agitation tank 
 A :  amount of NH4+ / PO43-  
 Q𝑅i: the flow rate of the stream R at the given time (ml/s) 
 Q𝑃i: the flow rate of the stream P at the given time (ml/s) 
 ∆ti: the residence interval 
 Cix: ammonium/phosphate concentration at the given time (ml/s) 
 Ci−nx: ammonium/phosphate concentration (ml/s) in the previous given time (residual phosphate 
concentration) 
Taking into account as control surface the sketched line in Fig.2, the accumulated phosphate/ammonium is 
defined with Equation 20: 
 mAc(𝐴) = mR(A) − mP(A)  (20) 
 
The amount of phosphate and ammonium in the stirred tank is calculated using Equation 21: 
    𝑚(A)𝑇 = VT · CT            (21) 
Where VT is the volume of the CSTR and CT concentration of phosphate/ammonium in the CSTR. 
The Equation 22 is used to calculate the amount of ammonium/phosphate removed by the CaZe/NaZe/MgO 
sorbent from the system: 
                mZe(A) = mAc(𝐴) − mSol(A)  (22) 
  
  
In other to evaluate the percentage of phosphate removed by the system can be calculated as described in the 
Equation 23, which takes in consideration the total amount of phosphate introduced in the system for the total 
time performed in the experiment. 
 % =
∑ mZe(A)
𝑖
𝑖=0
𝑚0 +  ∑ mR(𝐴)
𝑖
𝑖=0
· 100 (23) 
 
5.5.2 Operational conditions 
In two tanks of 40 l each, 80 l of synthetic water were prepared dissolving seven different salts in tap water ( 
NH4Cl, K2HPO4, KNO3, NaHCO3, KHCO3, MgCl2*6H2O and CaCl2*2H2O).  
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Final composition of the different ions present in solution was determined by spectrophotometric and 
chromatographic measurements. 
Anaerobic digestate used for the UFC was filtered with a vacuum filter as shown in Figure 3 in order to enhance 
membrane ultrafiltration and to avoid problems of filter blocking. 
 
 
Figure 3: Vacuum filter for anaerobic digestate water 
 
Along the sorption-filtration assay, the following operational monitoring actions were carried out:  
 Sampling from the tank and the permeate stream  
 Monitoring the water level in the tank 
 Monitoring pH of all the samples 
 Monitoring the permeate flow-rate to determine water permeability of the UF module 
Operational conditions of each experiment are shown in table 1. 
 
Table 1: Operational conditions of the sorption-ultrafiltration assays 
Experiment 
A, Effect of zeolite 
mixture 
B, Effect of MgO C, Real water 
Adsorbent (g) 
CaZe and NaZe (32/48) CaZe, NaZe and MgO 
(32/48/20) 
CaZe and NaZe 
(32/48) 
pH 8 ± 0.2 8 ± 0.2 8 ± 0.2 
[PO43-] 50 50 100 
[NH4+] 650 650 500 
Total amount of zeolite 
(g) 
80 100 80 
Agitation speed (rpm) 400 400 400 
Flow rate (l/min) 1.16 1.16 1.16 
Water in CSTR (l) 40 40 40 
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5.6 Speciation of loaded phosphate-ammonium zeolite samples by 
using a sequential extraction protocol  
 
The speciation of phosphate and ammonium adsorbed in loaded zeolites (CaZe,NaZe) with batch and filtration 
experiments was performed based on a modified three sequential step extraction. The phosphate and 
ammonium adsorbed were sequentially extracted. One gram of each sample was weighed into a 50-ml 
centrifuge tube and then treated as described sequentially in Table 2 [15]. 
 
Table 2: Chemical extraction scheme for phosphate speciation of loaded zeolites 
Reagent conditions Speciation name 
Speciation 
(associated P(V) forms) 
Step 
40-ml 2 M KCl for 2h 
40-ml 0.1 M NaOH for 17h 
40-ml 0.5 M HCl for 24h 
KCl-P 
NaOH-P 
HCl-P 
Soluble and exchangeable P 
Fe- and Al-bound P 
Ca-bound P 
1 
2 
3 
 
5.7 Olsen method  
Samples (0.5 g) of loaded zeolite (UFA ,UFB UFA and batch)  were mixed with 20 ml of 0.5-M NaHCO3 (pH=8 
±0,2) in 50-ml plastic bottles. The bottles were mechanically shaken at 21±1°C for 24 h at a constant agitation 
speed of 200 rpm. After phase separation with a 0.45-µm syringe filter, the equilibrium pH was measured using 
a pH electrode (Crison GLP22), and the sample were analysed. 
 
5.8 Sample analysis 
5.8.1 Spectrophotometry 
Phosphate concentrations were measured by spectrophotometrically using a Phosphovanadate-moliibdic 
standard Method (at 420 nm) in the concentration range from 1 to 75 mg/l. Samples were prepared by mixing  a 
3.5 ml sample 1 ml of reagent (Vanadate-Molybdate) and 0.5 ml of Milli-Q water. 
The reagent solutions were prepared as described following. To prepare solution A, 25 g of ammonium 
molybdate, (NH4)Mo7O24·4H2O were dissolved in 300 ml Milli-Q water  by using a magnetic agitator was used 
for approximately 15 minutes. 
For Solution B, 1.25 g of ammonium metavanadate, NH4VO3, was dissolved by heating to boiling in 300 ml Milli-
Q water with the help of a mechanical agitator and under a fume hood. 
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When solution B was cold, 330 ml of concentrated HCl were added to a volumetric flask: the reaction was 
exothermic so cooling needed around 30 minutes. Finally, solution A was added and the solution was diluted to 
1 litter. 
The reagent was stored into an opaque bottle and not exposed to light. During all the preparation, gloves and 
glasses were used because of the presence of acid and irritant substances.  
 
5.8.2 Chromatographic analysis 
Ion analysis was performed using a Thermo Scientific Dionex ICS-1100 for anions and the Thermo Scientific 
Dionex ICS-1000 for cations: samples are taken from an automatic bench. The eluent used were: 3.9 ml 
Methanesulfonic acid for cationic resin and a solution of 0.134 g NaHCO3 and 0.954 g of Na2CO3  (both diluted 
to 2 l with MilliQ water). 
 
 
Figure 4: Thermo Scientific Dionex ICS-1100 for anions and the Thermo Scientific Dionex ICS-1000   
 
5.9 Cleaning 
Before starting an experiment, all the material was cleaned carefully to avoid any type of contamination. 
Glassware was normally washed with tap water first, and then with deionized water: material used for 
chromatograph analysis was also washed with MilliQ water. In order to avoid contamination, no soap was used 
for glassware cleaning. Finally, laboratory material was dried in oven to be sure that no water could dilute the 
samples 
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6. Results and discussion 
 
6.1 Chemical and mineralogical characterization of the adsorbents 
In all the experiments, two types of adsorbents were used: an industrial Sodium zeolite (NaZe) synthetized from 
coal fly ash, and a CaZe synthetized by modifying NaZe through a cation-exchange process.    
XRD diffractogram of NaZe (Fig.5) shows the presence of sodium aluminium silicate hydrate (Na6(Al6Si10O32)・
12H2O) and quartz (SiO2), with some traces of mullite (Al2Si2O13).  
XRD diffractogram of CaZe (Fig.6) shows the presence of quartz, calcite (CaCO3), mullite and garronite (NaCa 
2.5(Si10Al6)O32·14H2O). The presence of calcite confirmed the ionic exchange process after sodium zeolite 
modification. 
 
 
 
 00-039-0219 (C) – Sodium Aluminum Silicate Hydrate – Na6Al6Si10O32-12H2O 
 
 
 
00-046-1045 (*) – Quartz, syn – SiO2 
 00-015-0776 (I) – Mullite, syn – Al6Si2O13 
 
Figure 5: NaZe XRD difractogram 
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 00-046-1045 (*) – Quartz, syn – SiO2 
 00-015-0776 (I) – Mullite, syn – Al6Si2O13 
 00-039-1374 (I) – Garronite – NaCa2-5(Si10Al6)O32-14H20 
 00-005-0586 (*) – Calcite, syn – CaCO3 
 
Figure 6: CaZe XRD difractogram 
 
6.2 Characterization of the model ammonium and phosphate 
containing effluents 
In order to compare theoretical and real conditions, different types of water were used to carry out the 
experiments. 
For the first part of the work, a synthetic water was prepared dissolving NH4Cl and MgHPO4*3H20 in tap water. 
The objective was to prepare a water sample with the same composition of phosphate and ammonium of an 
anaerobic digestate. Then, the typical values of composition of both solutes of the effluent streams from El Prat 
waste water treatment plant (Spain) were used to prepare the synthetic water.  
 
In the second part of the thesis, a realistic conditions study has been conducted: a real anaerobic digestate from 
El Prat WWTP was taken and used to test adsorption capacities of zeolites. 
 
For the three ultrafiltration experiments, the following waters were used: 
 Ultrafiltration A,B: synthetic water prepared using as reference values the composition of the anaerobic 
digestate  
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 Ultrafiltration C: 80 l of real anaerobic digestate from El Prat WWTP. 
The composition of each water is shown in table 3; some results were lower than the limits of quantification. 
 
Table 3: Composition of model ammonium and phosphate containing solutions (mg/l)  
[mg/l] Sodium Ammonium Potassium Magnesium Calcium Clorure Sulphate Nitrate Bicarbonate Phosphate 
Synthetic 
water 
688 718 4 42 267 <lq <lq <lq <lq 118 
Synthetic 
water  
(UFA, UFB) 
505 678 41 99 500 2384 40 1 1322 50 
Anaerobic 
digestate 
(UFC)  
475 865 63 92 408 1224 4 <lq 1301 48 
 
(Lq: limit of quantification) 
 
6.3 Mechanism of adsorption 
6.3.1 Ammonium 
According to the fundamentals of ion-exchange between solid and liquid phases [23], the ion-exchange process 
between NH4 and zeolite frame can be expressed by using Equation 24: 
 Zeolite – Mn+ + nNH4+ ↔ Zeolite - nNH4+ + Mn+            (24) 
Where M represents the exchangeable ions in zeolite and n is the number of electric charge.  
 
6.3.2 Phosphate 
Phosphate main adsorption mechanism in this work conditions (pH variable, initial concentration of phosphate) 
was postulated to be the formation of Ca-phosphate minerals with Ca(II) ions present on the zeolite through two 
main reactions: 
 
b1) Ca-phosphate minerals with Ca2+ present on the zeolitic material as CaO(s) and CaCO3(s): 
 H2PO4−∕HPO42− + CaO(s) ∕CaCO3 (s) = Ca−phosphate (CaHPO4 (s) or Ca5 (OH) (PO4)3 (s))    (25)      
 
b2) Formation of Ca-phosphate minerals with Ca2+ ions occupying the ion-exchange groups of the zeolitic 
structure 
  (≅ ZO−)2 Ca2++ H2PO4−+ 2Na+ ↔ 2 ≅ (ZO−Na+)+CaHPO4 (s)+ H+             (26) 
 5 (≅ ZO−)2 Ca2+ + 3H2PO4− + 10Na+ ↔ 10 ≅ (ZO−Na+) + Ca5 (OH) (PO4)3 (s)) + 7H+             (27) 
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Where ≅ZO− represents the anionic groups of the zeolite structure [15]. 
 
6.4 Removal of ammonium and phosphate from synthetic solutions 
by synthetic zeolites 
The first part of the work consisted in a test of zeolitic material on a synthetic water containing ammonium and 
phosphate: the scope of these experiments was to find the best adsorbent between three types of zeolites, and 
to determine the optimal amount of adsorbent to carry out next experiments. 
 
Three different zeolites were tested: 
  
 CaZe ,Calcium zeolite obtained by modification of NaZe;  
 5AH , Potassium zeolite from IQE ( Industrias Qùimica del Ebro, Zaragoza,Spain ) 
 3AH , Calcium zeolite from IQE ( Industrias Qùimica del Ebro, Zaragoza,Spain ) 
 
6.4.1 Influence of the solid to liquid phase ratios  
 
The influence of the zeolite doses on the ammonium and phosphate removal efficiency and on sorption 
capacities (qe) was studied.  
 
The effect of the dosage of CaZe, 5AH and 3AH on the adsorption capacity of ammonium and phosphate ions, 
respectively, is shown in Fig.7. 
 
Both the qe for NH4+ and PO43- decreased by increasing the dosage of zeolite from 2 to 80 g/l, reaching an almost 
constant value after 30 g/l. 
 
               
 
Figure 7: Effect of zeolites amount on adsorption capacity of ammonium ions (C0 720 mg/l) and phosphate ions (C0 120 mg/l) 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
As presented in Fig.7, the maximum values of qe for ammonium was reached with 2 g/l of each zeolite, while for 
the phosphate it was reached with 2 g/l of CaZe and 4 g/l of 3AH and 5AH. The results of qe for both ions obtained 
with addition of 2 g/l of the three zeolites are presented in Table 4. 
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Table 4: Values of qe (mg/g) for ammonium and phosphate with 2 g/l of zeolite 
 
 qe (mgNH4/g) qe (mgPO4/g) 
Calcium Zeolite 60 20 
Potassium Zeolite 
(5AH) 
71 4 
Calcium Zeolite (3AH) 47 1 
 
 
According to these results, the more suitable zeolite for phosphate removal was synthetic calcium zeolite, 
considering that it allowed calcium phosphate precipitation [15], while the worst adsorbent was industrial calcium 
zeolite (3AH). 
On the other hand, the differences between ammonium qe for the three zeolites depend on the selectivity over 
ammonium of other cations as K+ and Ca2+. 
As presented by Y. Zhao et al. [9] ,the order or selectivity is Na+>K+>Ca2+>Mg2+, and it is almost coherent with 
the results shown in Fig.7: for the first dose of zeolite (2 g/l), the selectivity of potassium over ammonium was 
higher, while for the other dose, the selectivity of Ca2+ was higher. It totally depends on zeolite structure and its 
composition. 
Considering the above results, Calcium zeolite was selected as best adsorbent for the synthetic binary system 
and a focus on the effect of its dosage on ammonium and phosphate qe was done. As already stated, qe 
decreased as the amount of calcium zeolite increased. 
This decrease of ammonium adsorption capacity was due to the increasing interface area when the suspension 
wa diluted [16], or to a decrease in the ammonium ion concentration gradient per unit mass of adsorbent [17], 
while for the phosphate it was due to a bad swelling capacity.  
 
 
 
Figure 8: Effect of zeolites amount on adsorption capacity of ammonium ions (C0 720 mg/l) and phosphate ions (C0 120 mg/l) 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
 
0
5
10
15
20
25
0
10
20
30
40
50
60
70
2 12 22 32 42 52 62 72
q e
P
O
43
-
(m
g/
g)
q e
N
H
4+
(m
g/
g)
g/l CaZe
Ammonium Phosphate
 Validation of zeolites to maximize ammonium and phosphate removal from anaerobic digestate by combination of zeolites in Ca and Na forms        Page 31 
 
 
 
The effect of varying the zeolite amount on removal efficiency of ammonium and phosphate was also 
investigated, as presented in Fig.9.  
 
When the zeolite dosage increased from 2 to 80 g/l, the NH4+ removal efficiency increased from 17 to 83%, while 
for the PO43- increased from 34 to 99 %. 
 
The raise of ammonium removal efficiency was due to the increase of the surface area and of exchange sites, 
but adding doses of zeolite higher than 40 g/l a plateau was reached.  
 
In fact, increasing the absorbent doses, the elevated solid-liquid ratio caused the formation of aggregates or the 
precipitation of particles, leading to a decrease of the total surface area of the sorbent and to an increase of the 
diffusional path length [17]. 
 
 
 
 
Figure 9: Effect of zeolites amount on removal efficiency of ammonium ions (C0 720 mg/l) and phosphate ions (C0 120 mg/l) 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
Taking into account the results obtained, and also the need to maximize the profit without generating large 
volumes of waste adsorbent, the optimal amount of CaZe was supposed to be 8 g/l: with this amount a removal 
of 98% of PO43- and 46% of NH4+  was achieved. 
 
6.4.2 Effect of the initial ammonium and phosphate concentrations on zeolites 
sorption capacities 
In order to evaluate the effect of the initial amount Co of ammonium and phosphate in water on their removal by 
a fixed amount (8 g/l) of CaZe, a series of solutions with different fixed concentration (5-2000 mg/l) of both 
ammonium (NH4+) and phosphate (PO43-) were used. 
The evolution of the adsorption capacity qe as function of the initial concentration is shown in Fig.10; as expected, 
the ammonium and phosphate sorption capacities increased with the increasing of the initial concentration, and 
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the maximum sorption capacities were reached for an initial concentration of 2000 mg/l (38.0 mg NH4/g and 94.8 
mg PO4/g). 
 
 
Figure 10: Effect of ammonium and phosphate initial concentration C0 on their adsorbed amount by 8 g/l of calcium zeolite  
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
With the increasing initial concentration of the solution, more ions come into the internal skeleton of the solid 
through diffusion when the surface adsorption reached saturation [18]; the values of qe for initial concentration 
of 2000,100 and 50 mg/l are presented in Table 5. 
 
Table 5: Values of qe for different initial composition of ammonium and phosphate 
 
Co ( mgNH4-PO4/l)  qe (mgNH4/g) qe (mgPO4/g) 
2000 38 95 
100 12 11 
50 5 4 
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The effect of the initial concentration of the binary system on the removal efficiency by calcium zeolite (8 g/l) 
with a constant temperature of 22˚C is shown in Figure 11 and 12. 
 
 
Figure 11: Comparison between effect of ammonium and phosphate initial concentration C0 on their ammonium adsorbed amount by 
8 g/l of calcium zeolite and on ammonium removal efficiency 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
As presented in Fig.11, the removal efficiency strictly increased as the ammonium concentration increased up 
to 150 mg/l, because of the higher solute gradients, and therefore a decrease was observed because of 
saturation of the limited number of exchange sites of the adsorbent [17].    
 
 
 
Figure 12: Comparison between effect of ammonium and phosphate initial concentration C0 on their phosphate adsorbed amount by 
8 g/l of calcium zeolite and on phosphate removal efficiency 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
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With an increase in initial phosphate/ammonium concentration from 5 to 280 mg/l, the phosphate removal 
efficiency increased from 75 to 92%, and then decreased to 38%.  
 
6.4.3 Sorption Equilibrium data for the binary system 
 
Ammonium and phosphate sorption data were analysed by using the Langmuir and Freundlich isotherms.  The 
parameters for the Langmuir and Freundlich plots for both ions adsorption on the synthetic calcium zeolite are 
given in Table 6. 
 
Table 6: Langmuir and Freundlich parameters for NH4+ and PO43- adsorption in a binary system 
 
CaZe sorption 
Langmuir Freundlich 
qm (mg/g) KL (l/mg) R2 
KF 
((mg/g)/(mg/l)1/n) 
1/n R2 
Ammonium 
Phosphate 
41 
113 
0.0047 
0.0053 
0.98 
0.97 
0.57 
1.63 
0.61 
0.63 
0.89 
0.87 
 
According to these results, the adsorption data were well described by the Langmuir isotherm both for 
ammonium and phosphate (R2 ≈ 0.97 ) while the Freundlich isotherm only provided a good description in the 
low concentration range (as shown in Fig.13) .  
As already stated in previous experiments, CaZe showed an higher qe for phosphate (qmax≈111 mg/g) than for 
ammonium (qe≈39 mg/g). 
The predicted and measured ammonium and phosphate equilibrium sorption data in the form of sorption 
isotherms (qe vs. Ce) for CaZe are presented in Figures 13 and 14. 
 
Figure 13: Isotherm models at for ammonium adsorption on synthetic calcium zeolite and experimental data 
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Figure 14: Isotherm models at for phosphate adsorption on synthetic calcium zeolite and experimental data 
 
A favourable sorption is revealed by the values of 0<KL<1 (KL≈0.05 for phosphate and ammonium) [19]. The 
maximum sorption capacity was 110±3 mg/g for phosphate, while 41±2 mg/g for ammonium.  
In a previous study conducted by Hermassi et Al [19] using single phosphate solutions, it was determined for 
NaZe and CaZe, respectively, a phosphate sorption at pH 8 of 65±7 and 203±11 mg/g zeolite. In this study, 
the reduction of the phosphate qe has been attributed to the competition with ammonium (binary system).  
 
6.5 Removal of ammonium and phosphate from anaerobic digestates 
The second part of the work was carried out to test CaZe and NaZe capacity of adsorption of ammonium and 
phosphate from an anaerobic digestate water.  
6.5.1 Influence of the solid to liquid phase ratios 
In order to compare effect of the amount of calcium zeolite on adsorption capacity of NH4+ and PO43- from real 
water, the effect of varying adsorbent dosage was  investigated and the results are shown in Figure 15. 
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Figure 15: Effect of zeolites amount on adsorption capacity of ammonium ions (C0 860 mg/l) and phosphate ions (C0 50 mg/l) 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
 
The adsorbed amount of NH4+ and PO43- decreased with the increasing of zeolite dose from 2 to 80 g/l, as already 
stated for the synthetic water; in both case, after 30 g/l of zeolite, the value of qe remained almost constant. 
 
The maximum qe for ammonium reached values of 105 (mg/g) for with 2 g/l of CaZe, while for phosphate reached 
values of around 20 (mg/g) with the same amount of zeolite.  
A comparison between the values of qe with 2 g/l of calcium zeolite for both synthetic and real water is shown in 
Table 7; the difference of ammonium adsorption capacity is due to the different initial concentration of ammonium 
in synthetic and real water. 
Table 7: Values of qe for 2 g/l of CaZe for a waste water sample from el Prat WWTP. 
 qe (mgNH4/g) qe (mgPO4/g) 
Synthetic Water 60 20 
Anaerobic digestate 105 20 
  
The trend of removal efficiency of both ions as a function of adsorbent dosage is shown in Figure 16. The 
removal efficiency for ammonium increased from 18 to 81%  and for phosphate 54 to 95% . 
Calcium zeolite showed a better PO43+ removal efficiency, with a 71% removed with only 16 g/l of zeolite, while 
only 45% of NH4+ was removed with the same amount of adsorbent  
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Figure 16: Effect of zeolites amount on removal efficiency of ammonium ions (C0 860 mg/l) and phosphate ions (C0 50 mg/l) 
Stirring time 24 hours, samples of 25 ml, constant temperature of 22°C 
 
A comparison between removal efficiency of both ions from synthetic and real water by 8 g/l of calcium zeolite 
is shown in Table 8: 
 
Table 8: Comparison of removal efficiency of NH4+ and PO43- with synthetic and real water ( 8 g/l CaZe ) for a waste water sample 
from el Prat WWTP. 
 Re Ammonium (%) Re Phosphate (%) 
Synthetic Water 46 98 
Anaerobic digestate 32 64 
 
 
In order to enhance both removal of ammonium and phosphate, different amount of NaZe were added to CaZe 
and a kinetic study was carried out to understand the mechanism of adsorption. 
 
6.5.2 Ammonium and phosphate sorption kinetics 
6.5.2.1 Effect of zeolite mixtures on ammonium and phosphate removal 
The kinetics for the removal of phosphate and ammonium as function of contact time from anaerobic digestate 
is shown in Figure 17 and 18. Different experiments were conducted using mixtures of calcium and sodium 
zeolite; the experiments lasted 4 hours but equilibrium was achieved after 15 minutes. 
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Figure 17: Evolution of ammonium sorption uptake versus time for CaZe and different mixture amount of CaZe-NaZe in batch 
experiments (samples of 25 ml, constant temperature of 22°C, C0 ammonium 860 mg/l, C0 phosphate 50 mg/l) 
 
The adsorption was rapid: after 2 minutes, the 79% of the NH4+ was removed with 1.6 g of CaZe and 1.6 g of 
NaZe. However, the results showed for the mixture of 1.2 g and 0.8 g were more or less the same (73% and 
68% of ammonium removed, respectively). 
Compared to CaZe alone, the mixture with sodium zeolite increased both ammonium and phosphate removal: 
from 20% with CaZe (8 g/l) to 40 % with a mixture of CaZe/NaZe (8/8 g/l)  
Phosphate shows (Figure 18) higher sorption capacity. Using 8 g/l of CaZe, a removal of 70% was achieved. 
The optimal dose of the two zeolites was 1.6/1.6 g (result not showed), but the removal of phosphate was more 
or less the same with a mixture of 1.2/1.2 g. 
 
 
Figure 18: Evolution of phosphate sorption uptake versus time for CaZe and different mixture amount of CaZe-NaZe in batch 
experiments (samples of 25 ml, constant temperature of 22°C, C0 ammonium 860 mg/l, C0 phosphate 50 mg/l) 
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Moreover, according to Figure 17 and 18, is clear that both ammonium and phosphate reached the equilibrium 
fastly: after only 2 minutes, 71% of the ammonium was removed with 1.2 g of CaZe and 1.2 g of NaZe. 
In Table 9 the Ce/C0 ratios at a contact time of 15 minutes for ammonium and phosphate with different mixtures 
of zeolites are compared. 
Table 9: Comparison of Ce/C0 values and removal efficiency after 240 minutes of agitation for different mixtures of zeolite 
  
Ce/C0 
ammonium 
Ammonium 
removed (%) 
Ce/C0 
phosphate 
Phosphate 
removed (%) 
0.2 g CaZe 0.67 33 0.28 72 
0.8 g CaZe+NaZe 0.22 78 0.18 82 
1.6 g CaZe+NaZe 0.16 84 0.19 81 
. 
The effect of different mixtures of zeolite on the trend of cations and anions was also investigated: Table 10 
shows the values of concentration with two different mixtures, before and after 90 minutes of agitation. 
 
Table 10: Variation of  cations and anions concentrations (mmol/l) as a function of contact time with a mixture of CaZe and NaZe 
(0.4/0.4 g). 
Mixture time 
Ca2+ 
(mmol/l) 
Na+ 
(mmol/l) 
K+ (mmol/l) 
Cl- 
(mmol/l) 
SO4- 
(mmol/l) 
CaZe/NaZe 
0.8 g 
t=0 
t=90 min 
10 21 1.6 34 0.04 
1.2 53 0.4 39 0.34 
CaZe/NaZe 
1.2 g 
t=0 
t=90 min 
10 20 1.6 34 0.04 
0.9 54 0.2 49 0.5 
 
The results shown in Table 10 revealed a significant decrease in calcium concentration, for both zeolites 
mixtures: this confirms the rapid precipitation of calcium phosphate, according to Eq 25,26,27.  
The sodium amount increased from around 20 to 53 (mmol/l) in both cases, because of the release of Na+ ions 
from zeolite to solution. 
 
6.5.2.2 Removal of ammonium and phosphate from anaerobic digestates 
In order to evaluate ammonium and phosphate adsorption from an anaerobic digestate, two experiments were 
developed:  
 Evaluation of the effect of the calcium zeolite dosage on NH4+ and PO43- removal 
 Evaluation of ammonium and phosphate sorption uptake as function of time for CaZe and different 
mixture amount of CaZe-NaZe  
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According to the results obtained, a mixture composed by 0.8 g of calcium zeolite and 1.2 g of sodium zeolite 
was supposed to be the adsorbent mixture to treat anaerobic digestate, and a batch experiment was carried out. 
The normalized concentration of NH4+ and PO43- and the pH as function of time ( 7 loading cycles ) are shown 
in Figure 19. The pH decreased from an initial value of 8.8 to a final value of 7, as described previously by 
Hermassi et al. (2016) [15] and as it is predicted by equation 25,26,27. 
 
 
Figure 19: Normalized concentration of NH4+ , PO43- and pH in function of time 
 
According to the removal patterns exhibited by CaZe and NaZe zeolites, the most favored reaction is the 
formation of Ca-phosphate (e.g., brushite or Hydroxyapatite ) with the release of H+ ions and the resulting 
decrease of the pH to 7.5.  
Then, a focus on the first cycle was done, and the adsorption amount of ammonium and phosphate as function 
of time is shown in Figure 20.  
 
Figure 20: Adsorption amount of NH4+ ions (Cycle 1, C0 864 mg/l, stirring time 4 h, CaZe and NaZe amount 20 g/l) and PO43− ions 
(Cycle 1, C0 50 mg/l, stirring time 4 h, CaZe and NaZe amount 20 g/l). 
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The values of concentration for both anions and cations after the first cycle of the batch experiment (240 min) 
are shown in Table 11. 
 
The amount of calcium decreased significantly, from around 5 to 1 (mmol/l): the reason is the precipitation of 
calcium phosphate, according to Eq. 25, 26, 27, and the possible adsorption onto zeolite structure.  
The amount of magnesium also decreased considerably, because of the precipitation of struvite, according to 
equation 26 [20] 
 
 Mg2+ + NH4+ + HnPO4n-3 + 6H2O  MgNH4PO4*6H2O + nH+           (28) 
 
 
Table 11: Concentration of anions and cations (mmol/l) in function of time for the first cycle of batch experiment 
time 
Ca2+ 
(mmol/l) 
Na+ (mmol/l) K+ (mmol/l) 
Mg2+ 
(mmol/l) 
t=0 
t=240 min 
4.95 61 1.12 19 
0.94 103 1.07 6.35 
 
 
6.5.3 Ammonium and phosphate sorption modelling  
The pseudo-first, pseudo-second and Elovich equations were used to predict the ammonium and phosphate 
sorption rate and sorption capacity in kinetic experiments. The experimental data were fitted to the linear form 
of these kinetic models. 
The Figures 21 and 22 show measured and predicted sorption kinetic data for the CaZe and NaZe mixtures in 
the binary solution (real water) for the first cycle of batch experiment, using the three models commented above. 
 
 
Figure 21: Kinetic models for ammonium sorption from anaerobic digestate water (binary system) onto CaZe and NaZe  
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. 
 
Figure 22: Kinetic models for phosphate sorption from anaerobic digestate water (binary system) onto CaZe and NaZe 
The rate constants, kinetic parameters as well as R2 values for pseudo-first, pseudo-second and Elovich 
equation are summarized in Table 12. 
 
Table 12: Kinetic models parameters 
 
Mixture  
CaZe/NaZe 
sorption 
 
Pseudo first order 
 
Pseudo first order 
 
Elovich 
qe(mg/g) 
K1 
(l/mg) 
R2 
qe 
(mg/g) 
K1 (l/mg) R2 α β R2 
Ammonium 
Phosphate 
3,5 
0,26 
0,00006 
0,00004 
0,37 
0,38 
4 
0,26 
0,00001 
0,00017 
0,59 
0,35 
7 
202 
0,85 
0,04 
0,89 
0,84 
 
Analysis of the regression results indicate that the Elovich model provides the better description for the first 
cycles, with a value of R2 of 0,89 for ammonium and 0,84 for phosphate. 
However, experimental data don't follow the behaviour of any of the three kinetics models used because of the 
presence of competitive ions and of a variable pH. 
More complex mechanisms of reaction as film diffusion or the Homogeneous Particle Diffusion Model (HDPM) 
have to be studied. 
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6.6 Integration of zeolite sorption and ultrafiltration for ammonium 
and phosphate removal. 
The final part of the work was composed by three experiments and it tested the effectiveness of the integration 
between ultrafiltration and adsorption technologies.  
 
The first two experiments were conducted on synthetic water: they allowed to evaluate the impact of MgO, 
(added in a small quantity in the second experiment), on phosphate and ammonium removal, together with a 
mixture of calcium and sodium zeolite, used in both first and second experiments. The addition of MgO(s) was 
used to promote the formation of struvite (NH4MgPO4). 
The third validation trial was conducted with anaerobic digestate to evaluate the effect of competitive ions on 
phosphate and ammonium removal when CaZe and NaZe were used as sorbent. 
 
6.6.1 Effect of MgO on ammonium and phosphate removal from synthetic 
water 
 Sorption-filtration cycles with CaZe-NaZe mixtures (UFA) 
The capacity of adsorption and the removal efficiency as function of the time, both for ammonium and phosphate, 
are presented in Fig 23 (a,b). The pH was constant (8.1±0.5). 
The removal efficiency remained constant during the filtration cycle, returning values of 32 ± 3%, and 78 ± 3% 
with a maximum sorption capacity of 35 ± 1,5 and 75 ± 5 mg/gZe for phosphate and ammonium, respectively.   
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Figure 23: a) Ammonium recovery percentage (%) and sorption capacity qt in function of time b) Phosphate recovery percentage (%) and 
sorption capacity qt in function of time 
 
The phosphate and ammonium loading values (qt) during filtration cycles (Figure 23 a-b), increased over time, 
and by the end of the experiment, the CaZe and NaZe were not saturated.  
The concentration ratios of ammonium and phosphate in the reactor reached values of, respectively, 0.6±0.05 
and 0.2±0.05, as shown in Figure 24 and 25; after 3 hours, around 40 and 80% of NH4+ and PO43- , respectively, 
was removed from water. 
The concentration ratios of anions and cations during the experiment are presented in Fig. 24 and 25: 
 
Figure 24: Variation of Ct/C0 ratios of cations along the filtration cycles. 
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Ct/C0 ratio for calcium decreased to 0.83, so there was not a high precipitation, while potassium concentration 
decreased to 0.78: it was adsorbed by zeolites, acting as a competitive ion for ammonium adsorption. 
Magnesium concentration decreased of the 10% after the experiment: only a small quantity of phosphate and 
ammonium precipitated with magnesium as struvite, according to Eq.3. 
 
 
Figure 25: Variation of Ct/Cs ratios of anions along the filtration cycles. 
 
The results obtained with the experiment UFA revealed a good phosphate and ammonium removal performance 
of the mixture composed by calcium and ammonium zeolite. The following experiment UFB tested the effect of 
the presence of another adsorbent, MgO, on ammonium and phosphate removal.  
 
 Sorption-filtration cycles with CaZe-NaZe/MgO mixtures (UFB) 
The capacity of adsorption and the removal efficiency in function of the time, both for ammonium and phosphate, 
when a small quantity of MgO was added to the mixture of calcium and sodium zeolite, are shown in Fig 26. The 
pH was constant around a value of 8.2±0.5. 
The second experiment required several short cycles than the first due to the use of MgO, as the particulated 
matter reduced the membrane filtration flux rapidly obligating to increase the back-washing operation between 
cycles. 
As already stated for UFA experiment, the removal efficiency for both ammonium and phosphate remained 
constant during the experiment, while the sorption capacity (qt) increased. 
The removal efficiency reached values of 20 ± 3% and 85 ± 3%, while the maximum qe  was 31 ± 0.3 and 150 
± 5 mg/gZe for phosphate and ammonium, respectively. 
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 Figure 26: a) Ammonium recovery percentage (%) and sorption capacity qt in function of time b) Phosphate recovery 
percentage (%) and sorption capacity qt in function of time 
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The variation of the concentration ratios of cations and anions during the second ultrafiltration are shown in Fig. 
27 and 28. 
Ct/C0 of ammonium and phosphate in the reactor reached values of, respectively, 0.8±0.05 and 0.2±0.05. 
Compared to the first ultrafiltration (without MgO), ammonium removal was lower, while phosphate removal was 
more or less the same.  
Calcium concentration decreased considerably: according to Fig. 8.32, Ct/C0 for calcium reached values of 0.34; 
this was due to an higher adsorption of Ca2+ by zeolites and to an higher precipitation of brushite, as confirmed 
in the SEM (Fig.35),in EDS (Fig.36 b) and in table 14.  
Moreover, the effect of calcium as competitive cation influenced ammonium adsorption.  
Also potassium concentration decreased more than in the first ultrafiltration: Ct/C0 ratio reached values around 
0.43, and it was adsorbed by zeolites as competitive ion. 
 
 
 Figure 27: Variation of Ct/C0 ratios of cations along the filtration cycles. 
Sodium concentration remained constant during the cycles, and the same happened for UFA experiment: it 
means that the exchange between ammonium and sodium was not affected by the addition of MgO as 
adsorbent. 
Magnesium concentration decreased to 20 % at the end of the ultrafiltration cycles, confirming the precipitation 
in form of brushite with ammonium and phosphate. 
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 Figure 28: Variation of Ct/C0 ratios of anions along the filtration cycles. 
The results of the two ultrafiltration are summarized in table 13. As general result, phosphate adsorption was 
not influenced by addition of MgO, while removed ammonium decreased considerably in the second 
ultrafiltration.  
 
Table 13: Summary of the UFA and UFB ultrafiltration experiments 
 CaZe-NaZe (32/48 g) CaZe/NaZe/MgO (32/48/20 g) 
Rp Ammonium 35±1.5 30±5 
Rp Phosphate 75±5  85±5 
qt max Ammonium 215 150 
qt max Phosphate 35 31 
 
6.6.2 Phosphate and ammonium removal in hybrid system using real 
digestate water 
 
 Sorption-filtration cycles with CaZe-NaZe mixtures using real digestate water 
(UF3)  
The profile of the capacity of adsorption and the removal efficiency in function of the time, both for ammonium 
and phosphate, using 2 g/l of zeolite (NaZe/CaZe) in a real anaerobic digestate, is shown in Fig.29. 
The removal efficiency remained constant during the all filtration cycle, returning values of 15 ± 3% for 
ammonium and 60 ± 7% for phosphate. On the other hand, the capacity of adsorption increased, with a 
maximum sorption capacity of 75 ± 1,5  and 52 ± 5 mg/gZe for ammonium and phosphate, respectively. 
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Figure 29: a) Ammonium recovery percentage (%) and sorption capacity qt in function of time b) Phosphate recovery percentage (%) and 
sorption capacity qt in function of time 
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Real wastewater is usually contaminated with many compounds, including inorganic salts: the ammonium 
adsorption capacity decreased (compared to UFA and UFB with synthetic water) because of the competition of 
NH4+ with other inorganic cations for adsorption sites on the zeolites. Since the order of selectivity over 
ammonium of other cations on the synthetic zeolite was Na+>K+>Ca2+>Mg2+ [16], and according to table 13, less 
ammonium was adsorbed by zeolites. 
Moreover, the presence of organic carbon also influenced removal efficiency from real water: it decreased from 
156 to around 100 mg/l during the experiment. 
However, the concentration ratios of ammonium and phosphate in the reactor reached values of, respectively, 
0.6±0.05 and 0.2±0.05, as shown in Figure 30 and 31.  
 
 
Figure 30: Variation of Ct/C0 ratios of cations along the filtration cycles. 
Calcium amount decreased considerably: at the end of the filtration cycles, only 78% of Ca2+ was left in the tank. 
This was due to a high precipitation of calcium phosphate and to adsorption of calcium ions into sodium zeolite: 
as said before, calcium was one of the competitive ions that made the qe of ammonium and phosphate decrease. 
Magnesium and concentration remained more or less constant around values of, respectively, 0,85 and 0,8. 
The variation of Ct/C0 ratios of anions along the filtration cycles are shown in Figure 31. 
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Figure 31: Variation of Ct/C0 ratios of anions along the filtration cycles. 
According to Fig 31, no relevant variation in carbonate and clorure concentration were detected: Ct/C0 ratios 
remained, respectively, around 0.9 and 0.93. 
 
6.7 Regeneration of loaded zeolites 
6.7.1 Elution with KCl, HCl and NaOH 
The results of a desorption study carried out for the loaded zeolites of the ultrafiltration and for the batch 
experiment using three different reagents,KCl, NaOH and HCl, are presented in Fig.32 and 33. 
The phosphate speciation confirmed that in all cases, the HCl-phosphate fraction associated with the presence 
of Ca-phosphate mineral forms [21,22] , represented the higher contribution to phosphate fraction. 
The labile forms easily exchangeable speciation (KCl-phosphate) associated with the formation of labile 
complexes with the Al and Fe metal oxides, according to Equation 29, contributed with 53 and 31 mg/l. 
 
 ≅ MOH2+ + H2PO4−∕HPO42− ↔≅ MOH2+H2PO4−∕HPO42−            (29)[15] 
 
The dissolved content with NaOH solutions confirmed that the phosphate bound to the hydrated metal oxides 
represented only the minimum contribution to phosphate fraction for all the loaded zeolites, according to 
Hermassi Et al [15] 
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.  
Figure 32: Speciation of the NaZe and CaZe with for the Ultrafiltration experiments (phosphate fraction) 
 
 
Figure 33: Speciation of the NaZe and CaZe for Ultrafiltration experiments (Ammonium fraction) 
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6.7.2 Evaluation of the phosphate availability by using the Olsen method 
 
The results of a desorption study carried out for the loaded zeolites of the ultrafiltration and for the batch 
experiment using NaHCO3  (Olsen method) are shown in  Figure 34. The released phosphate fraction (mg/l) for 
UFA and UFC was almost the same, around 42 mg/l, while it decreased for UFB because of the influence of MgO 
in the solution. 
 
 
 
 
Figure 34: Phosphate and ammonium-leaching ratios of the loaded CaZe-NaZe samples for the batch experiment 
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In this case, the released ammonium fraction was not influenced by the presence of MgO, while the fraction 
increased for the third ultrafiltration. 
 
6.8 Loaded zeolites characterization 
Finally, some analysis were conducted on loaded zeolites samples in order to evaluate the effect of adsorption 
on structure and composition of the adsorbent. 
An example of SEM of a loaded zeolite used the second ultrafiltration (UFB) is shown in Figure 35. 
 
 
Figure 35: Scanning electronic microscopy of loaded CaZe/NaZe 
 
Fig 35 evidence the typical porous structure of zeolite, and the presence of precipitated calcium phosphate. 
In the analysis of the loaded zeolite with the Energy Dispersive X-Ray Spectrometer (EDS), the measurements 
were performed on each sample in order to obtain an average value and to reduce the dispersion due to the 
heterogeneity of the sample. 
Figure 36 shown the EDS spectrogram for the mixture of NaZe and CaZe used in the first two ultrafiltration 
experiments (UFA and UFB).  
Since Si and Al are part of zeolite structure, there are not notable changes in their peaks; the amount of 
magnesium increased, according to the addition of MgO to CaZe/NaZe mixture in the second ultrafiltration 
experiment. 
The amount of phosphate also increased: according to the values of removal efficiency obtained in UFA and UFB, 
around the 10% more of phosphate was removed from synthetic water in UFB, in presence of MgO. 
Calcium 
Phosphate 
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Figure 36: Energy Dispersive X-Ray Spectrometer of a) NaZe/CaZe and b) NaZe/CaZe/MgO 
 
The average mass composition for four loaded zeolites is shown in table 14. According to the results of removal 
efficiency obtained for the three ultrafiltration experiments, the higher amount of phosphate was in UFB, while 
the lower was in UFC, with a difference of around 1%.  
The higher amount of calcium was detected in loaded zeolite of UFB (6.7 %): the reason was a considerable 
precipitation of calcium phosphate.   
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As already said, the amount of Si and Al remained constant, around 30±5 %. 
Furthermore, all the zeolites presented small quantity of metals such as titanium, copper and iron. 
 
In table 14: Average mass composition for four loaded zeolites. 
 
C O Na Mg Al Si P Cl K Ca Ti Fe Cu Total 
Batch 
2 49.6 2.3 1.4 9.8 22.6 0.3 0.4 1.7 2.7 0.5 3.4 2.8 100 
UF A 
<lq 60.4 0.8 0.9 12.4 15.4 0.9 <lq 0.4 5.5 0.5 <lq 2.4 100 
UF B 
11.8 44.9 0.7 2.5 6.3 15.3 1.4 <lq 0.6 6.7 0.6 3.4 5.2 100 
UF C 
4.9 52.5 0.4 0.8 16.4 16.8 0.3 <lq 0.8 1.4 0.3 2.9 2.1 100 
(lq: limit of quantification) 
 
The mass average of all the components is also shown in Figure 37. 
 
Figure 37: Average mass composition for four loaded zeolites 
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Finally, an XRD analysis was conducted on loaded zeolites; no calcium phosphate was detected so a thermal 
treatment at around 900°C was carried out for 8 hours on adsorbent samples and Figure 38 shows as example 
an XRD diffractogram of the batch loaded zeolite. 
 
 
 
 
 00-010-0393 (*) - Albite, disordered - Na(Si3Al)O8 
 00-041-1480 (I) - Albite, Ca-rich, ordered - (Na,Ca)Al(Si,Al)3O8 
 
00-046-1045 (*) - Quartz, syn - SiO2 
 00-033-0664 (*) - Hematite, syn - Fe2O3 
 00-015-0776 (I) - Mullite, syn - Al6Si2O13 
 00-009-0348 (*) - Calcium Phosphate - alpha-Ca3(PO4)2 
 
Figure 38: NaZe/CaZe loaded zeolite XRD difractogram (Batch) 
 
XRD diffractogram of NaZe/CaZe mixture (Fig 38) shows the presence of Calcium Phosphate (Ca3(PO4)2), 
according to the hypothesis of precipitation of C-phosphate minerals. It also detected the presence of Albite and 
quartz (SiO2), with some traces of mullite (Al2Si2O13).  
No ammonium has been detected with XRD because of his amorphous structure; however at so high 
temperatures, ammonium containg minerals transform liberating NH3(gas). 
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7. Conclusion 
 
In the light of the results of this work, the following conclusions can be drawn: 
 
i. The test of calcium zeolite,5AH and 3AH revealed that calcium zeolite provided the best simultaneous 
removal of ammonium and phosphate from synthetic water.  
ii. For a synthetic binary system of ammonium and phosphate ions with a calcium zeolite CaZe dose of 8 
gCaZe/l at constant temperature of 22˚C, the maximum measured sorption capacity was 110±3 mg/g 
for phosphate and 42±2 mg/g for ammonium. The measured removal efficiency for both ions was, 
respectively, 70% for ammonium and 84% for phosphate. 
iii. For a real binary system with a mixture of 48 g/l of both CaZe and NaZe, the 80% of ammonium and 
phosphate were removed. With a mixture of 8 g/l (same conditions of synthetic binary system), only 
65% of phosphate and 51% of ammonium were removed. This was due to the effect of the competitive 
ions in real water, and to the variable pH conditions. 
iv. The phosphate and ammonium removal efficiency using the CaZe and NaZe in a hybrid sorption-
filtration (UF) process remained fairly constant during the different filtration cycles, returning values of 
32 ± 3%, 78 ± 3% for NH4+ and PO43-, respectively, in UFA and UFB. The expected effect of MgO on 
ammonium removal was not confirmed by UFB , because of membrane fouling due to MgO particle size.  
v. The mechanism of phosphate removal involved the formation of Ca-phosphate mineral phases, as 
confirmed by the XRD and by phosphate speciation analysis. . 
vi. The ammonium speciation analysis by leaching experiments with NaOH confirm that ionic exchange 
was the main mechanism for ammonium removal with sodium zeolite (NaZe). 
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